The genes (mdh) encoding malate dehydrogenase (MDH) from the mesophile Chlorobium vibrioforme and the moderate thermophile C. tepidum were cloned and sequenced, and the complete amino acid sequences were deduced. When the region upstream of mdh was analyzed, a sequence with high homology to an operon encoding ribosomal proteins from Escherichia coli was found. Each mdh gene consists of a 930-bp open reading frame and encodes 310 amino acid residues, corresponding to a subunit weight of 33,200 Da for the dimeric enzyme. The amino acid sequence identity of the two MDHs is 86%. Homology searches using the primary structures of the two MDHs revealed significant sequence similarity to lactate dehydrogenases. A hybrid mdh was constructed from the 3 part of mdh from C. tepidum and the 5 part of mdh from C. vibrioforme. The thermostabilities of the hybrid enzyme and of MDH from C. vibrioforme and C. tepidum were compared.
Malate dehydrogenase (MDH) catalyzes the reversible conversion of malate to oxaloacetate, using NAD as cofactor. In most organisms, MDH is an essential enzyme in carbon metabolism, and in green sulfur bacteria, it is part of the reductive tricarboxylic acid cycle (9) .
Complete amino acid sequence data for MDH are available from many species within the Bacteria, Archaea, and Eucarya. Based on sequence similarity, Goward and Nicholls (15) have suggested that MDH has diverged into two distinct phylogenetic groups, one group that includes cytoplasmic MDH, chloroplast MDH, and MDH from Thermus flavus, and a second group that includes MDHs with similarity to lactate dehydrogenase (LDH). In the latter group, the mitochondrial MDH and eubacterial MDH are in one cluster and the more LDHlike (archaeal) Haloarcula marismortui MDH is in another.
Although the primary structures of the various MDHs and LDHs are different, their tertiary structures are similar. The dehydrogenases have two domains; the structurally conserved N-terminal dinucleotide-binding domain, and the C-terminal catalytic domain, which differs among the different dehydrogenases. The dinucleotide-binding domain of the LDHs and MDHs that use NAD as a cofactor contains a characteristic glycine motif. In LDH, this is GXGXXG, whereas for most known MDHs, it is GAXGXX(G/A). However, MDHs from all photosynthetic bacteria studied so far have the glycine motif typical of LDH (4, 29) .
The amino acid residues important for substrate and coenzyme binding, catalysis, and subunit assembly have been identified in several MDHs and LDHs (3, 27, 36, 42) . With regard to thermostability, LDH from Bacillus species has been extensively studied (21, 41, 45, 46) , and studies have also been performed with MDH from Escherichia coli (14) and from the thermophilic Thermus aquaticus (6) .
In the present work, MDH and its corresponding gene from the two green sulfur bacteria Chlorobium tepidum and Chlorobium vibrioforme have been isolated, characterized, and compared. The green sulfur bacteria comprise a distinct phylogenetic group of photosynthetic species, which are related to other groups within the Bacteria only at the deepest levels (11, 13, 43) . C. tepidum is a mild thermophile which grows optimally at 47 to 48ЊC, whereas the optimum temperature for growth of the mesophilic C. vibrioforme is 32ЊC. The optimum temperature for the activity of MDHs from both C. vibrioforme (cvMDH) and C. tepidum (ctMDH) is 39ЊC (4). A hybrid mdh gene was made from the 5Ј end of mdh from C. tepidum (cvmdh) and the 3Ј end of mdh from C. vibrioforme (cvmdh). The hybrid mdh was expressed in E. coli, and the thermostability of the corresponding MDH was compared to that of the initial MDHs.
MATERIALS AND METHODS
Bacterial strains, cloning vectors, and growth conditions. C. vibrioforme and C. tepidum were grown phototrophically at 32 and 45ЊC, respectively, in bottles completely filled with medium (35) . Illumination was provided by two 60-W bulbs. Chloroflexus aurantiacus was grown as described previously (38) . The lambda replacement vector EMBL3 (12) was used for construction of genomic libraries. In vitro packaging extract was prepared from E. coli SMR10 (30) , and E. coli NM539 was used for recombinant phage propagation. DNA fragments were subcloned in pUC19 (44) and used to transform E. coli DH5␣ (17) . For expression of ctMDH and cvMDH in E. coli BL21(DE3), plasmid pET11a was used (37) . E. coli BL21(DE3) was grown in NZCYM medium (31) . All other E. coli strains were grown in Luria-Bertani (LB) medium supplemented with 10 mM MgSO 4 for recombinant phage propagation and with 100 g of ampicillin ml
Ϫ1
for E. coli DH5␣ and E. coli BL21(DE3) transformants.
Preparation and manipulation of DNA. Chromosomal DNA (33) and recombinant phage DNA (5) were isolated as described previously. E. coli recombinant plasmids were isolated and purified with the Magic and Wizard Minipreps DNA purification system (Promega, Madison, Wis.) and DNA fragments from agarose gels were isolated and purified with the GeneClean system (Bio101, La Jolla, Calif.). Enzymes used in recombinant DNA work were purchased from New England BioLabs (Beverly, Mass.).
Construction of genomic libraries. Genomic libraries were constructed in the vector -EMBL3 by the method of Kaiser and Murray (20) . Recombinant DNA was packaged by using E. coli SMR10 packaging extract (30) , and the genomic libraries were amplified as described previously (31) .
Preparation of radiolabeled oligonucleotides. On the basis of amino acid sequence 1 to 11 at the N-terminal end of ctMDH and cvMDH (4), the mixed oligonucleotide ATGAARACIGTIATIGGIGCIGGIAAYGT, corresponding to the template DNA strand, where R and Y represent equimolar mixtures of TϩC and AϩG, respectively, was synthesized. The mixture of oligonucleotides was radiolabeled with [␥-32 P]ATP (Amersham Corp., Little Chalfont, United Kingdom), using T4 polynucleotide kinase (New England BioLabs), and used to screen the genomic libraries in search of the ctmdh and cvmdh genes.
Southern and plaque hybridization. Hybond N membranes (Amersham Corp.) were used for Southern blotting, and plaques were lifted with Colony/ Plaque Screen hybridization transfer membranes (Dupont, New England Nuclear, Boston, Mass.). Hybridization and washing were performed as described previously (31) .
DNA sequencing, sequence analysis, and PCR. DNA fragments in pUC19 were sequenced with the Promega fmol DNA-sequencing system. In addition, the dideoxy method (32) with T7 DNA polymerase, fluorescin-15-*dATP, the Pharmacia PL Autoread kit (40) , and an A.L.F. DNA sequencer (Pharmacia) were used. Nucleotide and amino acid sequences were analyzed with the sequence analysis software package (version 7.0; Genetics Computer Group, Madison, Wis.).
PCRs were performed in a thermal reactor (Hybaid Limited, Teddington, United Kingdom) with Taq polymerase (Promega). The amplifications consisted of 30 cycles of denaturation at 95ЊC for 0.5 min, annealing at 58ЊC for 0.5 min, and extension at 74ЊC for 1 min.
Construction of plasmids. From positive clones, plasmid constructs were made in pUC19 by using fragments containing the complete mdh gene and its flanking regions. In the case of C. vibrioforme, a 2.3-kb AccI fragment was inserted, whereas for C. tepidum, a 2.2-kb BamHI fragment was used. The plasmid constructs were used for restriction analysis, sequencing, and PCR.
For expression of mdh in E. coli, suitable DNA fragments containing the proper reading frames were obtained by PCR. The 31-mer sense primer 5Ј-CCCGGTACCATATGAAAATCACCGTTATTGGC-3Ј was constructed. It ................ contains a NdeI site (underlined with dots) in a sequence which also includes the start codon (boldface letters) of mdh and a KpnI site (underlined). Since the region surrounding the start codon is identical in the two mdh genes, the primer was used to obtain both cvmdh and ctmdh. An antisense primer of 32 bases corresponding to a sequence approximately 100 bp downstream of the cvmdh stop codon, 5Ј-CCAGGATCCACCTTCAAAAGCGCTAAAACAT-3Ј, was made; it contained a BamHI restriction site (underlined). PCR with the two primers was performed on the 2.3-kb AccI fragment in pUC19 containing cvmdh. The resulting product was finally digested with NdeI and BamHI and ligated into pET11a digested with the same enzymes.
An EcoRV restriction site common to cvmdh and ctmdh and located 213 bp downstream of the start codon was the basis for construction of a hybrid mdh, ct71vmdh, which consisted of the first 213 bp from ctmdh and the last 717 bp from cvmdh. The 2.2-kb BamHI fragment with ctmdh in pUC19 and the 2.3-kb AccI fragment containing cvmdh in pUC19 were used to make the hybrid. By using the primers described above, PCR was then performed on the hybrid. The PCR product was digested with NdeI and BamHI and ligated into pET11a digested with the same enzymes. The PCR product was also digested with KpnI and BamHI and ligated into pUC19. As sources for a fragment containing the complete ctmdh starting from the first ATG, ct71vmdh in pUC19 and as well as the 2.2-kb BamHI fragment containing ctmdh in pUC19 were used. Both were digested with SfiI and HindIII; HindIII cleaves in the pUC19 vector downstream of the stop codon of mdh, and SfiI cleaves both constructs close to the start codon within the mdh gene. The part of the mdh hybrid which originates from cvmdh was then replaced by the corresponding part from ctmdh. The construct thus obtained was cleaved with NdeI and BamHI and ligated into pET11a. All PCR products were verified by sequencing.
Expression of foreign mdh in E. coli and purification of MDH. The three genes cvmdh, ctmdh, and cv71tmdh were expressed in E. coli BL21(DE3) by induction with 0.4 mM isopropyl-␤-D-thiogalacto-pyranoside (IPTG) (37) , when the optical density at 600 nm of the cultures was 0.6 to 0.7. After 180 min of induction, the cells were collected and the foreign MDH was purified as described previously (39) . The fractions containing the highest activity were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), pooled, and used for further analysis.
Assay of enzyme activity and determination of protein concentration. Crude extracts of E. coli, C. tepidum, C. vibrioforme, and Chloroflexus aurantiacus were prepared as described previously (38) . Extracts to be used with purified MDH in thermostability measurements were prepared in the same way, except that they were centrifugated at 4ЊC for 4 h at 16,000 ϫ g after sonication. The protein concentration was determined by the method of Lowry et al. (24) with bovine serum albumin (Sigma Chemical Co., St. Louis, Mo.) as the standard. MDH (L-malate:NAD ϩ oxidoreductase; EC 1.1.1.37) activity was assayed as described by Charnock et al. (4) . To acertain that the purified MDHs were equally free of NAD(H), assays were performed without the presence of cofactor. The presence of NAD(H) was also analyzed by UV spectroscopy. When thermostability was measured, purified enzyme was dissolved in 20 mM potassium phosphate buffer (pH 7.4) to a concentration of 0.10 g/l. Aliquots of 10 l in plastic tubes were incubated at 55 or 60ЊC for the periods indicated. After heat treatment, the tubes were placed on ice for 10 min and then assayed for enzyme activity. Untreated enzyme solution was used as the zero time control. In the cases when crude extract was added to purified ctMDH, ct71vMDH, and cvMDH, care was taken to ensure that the activity due to MDH in the crude extract was less than 10% of the total activity in the mixture.
Gel electrophoresis. SDS-PAGE was performed in 10% gels by the method of Laemmli (23) , with low-molecular-weight standards (Bio-Rad, Richmond, Calif.). After electrophoresis, the gels were stained with Coomassie brilliant blue R-250. The Phastgel system (Pharmacia, Milton Keynes, United Kingdom) was also used.
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper will appear in the EMBL nucleotide sequence database with accession numbers X80837 for cvmdh and X80838 for ctmdh. The accession numbers for rp121 and rp127 from C. vibrioforme are X79218 and X79219, respectively.
RESULTS
Analysis of mdh and its flanking regions. Positive clones containing mdh were isolated, and the genes from C. vibrioforme (cvmdh) and C. tepidum (ctmdh), with their flanking 5Ј and 3Ј regions, were sequenced. The two genes have 84% identity, and the GϩC content is 59% for cvmdh and 57% for ctmdh. Upstream of both mdh genes, putative Ϫ35 and Ϫ10 consensus sequences are present, but no candidates for a ribosome-binding site were found. This is also the case for other genes isolated from Chlorobium species, where the ribosomebinding site was found downstream of the start codon (34). In both genes the sequence downstream of mdh contains a putative termination signal, which is a region of dyad symmetry. In C. tepidum, a second region of dyad symmetry is present 160 bp downstream of the first.
Located about 400 bp upstream of cvmdh is an operon consisting of two open reading frames that show high homology to genes rp121 and rp127, encoding two ribosomal proteins of E. coli. In this case again, no obvious candidate for a ribosome-binding site was seen 5Ј of the start codon, but Ϫ35 and Ϫ10 consensus sequences, as well as a termination signal, are present. In C. tepidum, the terminal part of rp127 is present upstream of mdh on the genome, at the same location as in C. vibrioforme.
Amino acid sequences. Based on the deduced amino acid sequences shown in Fig. 1 , the sizes of ctMDH and cvMDH are 33,108 and 33,272 Da, respectively. These values differ only slightly from those estimated previously by SDS-PAGE and gel filtration, i.e., 37,500 Da for cvMDH (4) and 36,300 Da for ctMDH (28) .
The conserved residues (Arg-102, Arg-109, Asp-168, Arg-171, His-195, and Ala-246 [boldface letters in Fig. 1]) known to participate in forming the substrate-binding site and in catalysis are present in both enzymes, as is Asp-52, which would be expected to participate in hydrogen bonding to one of the ribose moieties of NAD (Fig. 1) . The most striking differences between the two proteins are seven hydrophobic residues in cvMDH that are polar in the more thermostable ctMDH.
Alignment of the MDH sequences from the two Chlorobium species with those of Chloroflexus aurantiacus, Bacillus subtilis, E. coli, and H. marismortui and the LDH sequence from Bacillus stearothermophilus is shown in Fig. 1 . ctMDH and cvMDH have 54 and 53% identity, respectively, to MDH from B. subtilis and 54 and 52% identity, respectively, to MDH from Chloroflexus aurantiacus. The identity to MDH from E. coli and H. marismortui is 31 and 34%, respectively, and the identity to LDH from B. stearothermophilus is also 34%. The specific activities of cvMDH, ctMDH, and ct71vMDH were all around 270 U/mg. The specific activity of MDH from the host cell was approximately 3% of that of the foreign MDH. Thermal stability. The effect of heat treatment on the activity of the three enzymes is shown in Fig. 3 . When ctMDH was exposed to 55ЊC, only a slight loss in activity after 30 min of incubation was detected. The hybrid MDH had a half-life (t 1/2 ) of 11.5 min at this temperature, the cvMDH had a t 1/2 of 0.5 min. After heat treatment at 60ЊC, the corresponding values were 1.5 min for ctMDH, 1.0 min for the hybrid, and 0.5 min for cvMDH. It is known that NAD(H) stabilizes dehydrogenases, and care was taken to ensure that the various samples were equally free of their cofactor after purification. No activity were observed in the controls, and NAD(H) was not detected in the samples when they were exposed to UV spectrophotometry.
Since factors in the cells such as metal ions, cofactors, and chaperonins are known to be important for the stability of proteins, cell extracts of C. tepidum, C. vibrioforme, and Chloroflexus aurantiacus were added to the purified MDHs. A fivefold increase in t 1/2 of cvMDH and a twofold increase in t 1/2 of ct71vMDH at 55ЊC were observed when crude extract from C. tepidum or C. vibrioforme was added to the purified enzymes. At 60ЊC, the increase in thermostability was 3-fold for cvMDH, 0.5-fold for cv71tMDH, and 8-fold for ctMDH. The extract from Chloroflexus aurantiacus had no obvious effect.
DISCUSSION
The high degree of similarity between ctMDH and cvMDH is not unexpected in view of their close relationship. It is noteworthy that except for the amino acid residues Arg-102 and Ala-246, which take part in the specific binding of malate/ oxaloacetate, the overall sequences of the two MDHs are much more similar to those of LDH (an average amino acid similarity of 60% is observed) than to those of other MDHs (an average amino acid similarity of 50% is observed). This close relationship indicates that this type of MDH might have originated from LDH. The dendrogram shown in Fig. 2 makes it possible to distinguish three different types of MDHs, one type found in phototrophic bacteria, H. marismortui, and B. subtilis; a second found in cytoplasm, chloroplasts, and in T. flavus; and a third found in mitochondria and most prokaryotes. The tight grouping of the first type of MDH with LDH supports the idea that a close relationship exists between the two and also indicates that the various MDHs have different evolutionary histories. The fact that MDHs from all phototrophic species examined have a glycine motif typical of LDH supports this view.
The two MDHs cvMDH and ctMDH, from which the hybrid ct71vMDH was constructed, differ in their thermostability (Fig.  3) . Although three-quarters of the amino acid residues in the hybrid (the C-terminal part) are derived from cvMDH, the hybrid enzyme was significantly more thermostable than cvMDH (Fig. 3) . This result shows that a few specific residues in the N-terminal part of ctMDH contribute to thermostability. However, the fact that the thermostability of the hybrid MDH is lower than that of ctMDH indicates that residues in the C-terminal part of the enzyme are also important for stability. It has been observed that the most variable regions in many LDHs are on the surface, whereas the core and intersubunit contacts of the protein are less variable (8) . This also seems to be the case for the two Chlorobium MDHs. Figure 1 shows the predicted secondary structure of MDH made on the basis of the secondary structure of E. coli MDH (16). In both MDH and LDH, the majority of the ␤-strands are clustered in the interior of the protein, and in these regions, ctMDH and cvMDH differ in only a few residues. This is in contrast to the much larger number of differences in the predicted ␣-helical regions, which to a large extent are solvent exposed in these enzymes. When mesophilic and thermophilic proteins are compared, Gly and Lys in the former commonly become Ala and Arg, respectively, in the latter (26) . The same differences are also observed in cvMDH and ctMDH. Two Gly residues in helices ␣C and ␣3G in cvMDH are Ala in ctMDH, whereas a Lys residue in helix ␣DE in cvMDH is Arg in ctMDH.
Breiter et al. (2) studied subunit interaction in MDH from E. coli and concluded that catalytic activity appears to be modulated by the formation of dimers. Studies with MDH from T. flavus (22) show that strong subunit interactions, in the form of ion bonding, make a large contribution to the thermostability of this MDH compared with its mesophilic counterparts. In the nomenclature of Hill et al. (18) , the helices ␣B, ␣C, ␣2F, ␣2G, and ␣3G take part in the subunit interface of the dimeric cytoplasmic MDH, the Q axis. The importance of ␣B for the stability of LDH from B. megaterium was shown by Zulli (46) with a mutant enzyme differing at two positions in the ␣B helix, which exhibited a 20ЊC increase in thermostability. In the hybrid MDH, ct71vMDH, the source of two of these helices (␣B and ␣C) is the more thermostable MDH (ctMDH). The two enzymes cvMDH and ctMDH differ in two residues in both ␣B and in ␣C. The helices ␣2G and ␣3G are considered particularly important for subunit interaction and enzyme function, since they are in contact with the substrate-binding site on one side and participate in forming the dimer interface on the opposite side (16) . These two helices in ctMDH and cvMDH are different with regard to four amino acid residues.
It is known from X-ray crystallographic studies of MDHs from H. marismortui (7) and T. flavus (22) , that ion bonding in these enzymes is crucial for stability. To determine the threedimensional structures of the three MDHs under study, X-ray FIG. 2. Dendrogram constructed by using the program PILEUP. The sequences are those used by Goward and Nicholls (15) , in addition to MDH deduced from mdh genes from phototrophic anoxygenic bacteria and B. subtilis, which were recently sequenced. The MDH sequences used were from maize, sorghum, mouse (cytoplasmic), pig (cytoplasmic), T. flavus, E. coli, Salmonella typhimurium, mouse (mitochondrial), rat (mitochondrial), pig (mitochondrial), watermelon, yeast, H. marismortui, B. subtilis (19) , Chloroflexus aurantiacus (38) , C. vibrioforme, and C. tepidum. The LDH sequences were rabbit chain, dogfish chain, and B. stearothermophilus. crystallography analysis is under way. By comparing the three structures, the role of ion bonding might become more clear.
